Borgias & James, 1990 ). The other approach, which we have been pursuing, makes use of specialized NOE experiments designed to defeat magnetization-exchange pathways that degrade distance measurements. The general approach, which is known as magnetization exchange network editing (MENE) (Macura et al., 1992 , involves the cancellation of selected crossrelaxation or chemical-exchange pathways through the manipulation of magnetization during the mixing time. Examples of such experiments are the block-decoupled NOESY (BD-NOESY) experiment, which measures distances within a chemical shift-based spectral block free of spin-diffusion contributions mediated by protons outside of the block (Hoogstraten et al., 1993) , and the complementary-block-decoupled NOESY (CBD-NOESY) experiment, which measures distances between two protons in different spectral blocks free of spin-diffusion pathways involving at least one transfer within a single block (Hoogstraten et al., 1995a) . If the proton NMR spectrum of a protein is divided into one block containing the amide and aromatic-ring protons and a second block containing the aliphatic protons, the application of these two experiments in combination allows the measurement of a large fraction of the observable distances in the system with a very significant reduction in errors due to spin diffusion.
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Cold Spring Harbor Laboratory Press on April 14, 2008 -Published by www.proteinscience.org Downloaded from C. C. Hoogstraten et al. As reported here, we have applied the network-editing approach to the refinement of the solution structure of turkey ovomucoid third domain (OMTKY3). Ovomucoid, a proteinase inhibitor consisting of three tandem homologous domains, is the second most abundant protein in avian egg white. Comparative studies of ovomucoids and ovomucoid third domains from more than 100 species of birds have yielded significant insight into structure-function relationships i n this class of molecule (Laskowski et al., 1987) . Turkey ovomucoid third domain is a 56-residue polypeptide, which contains several residues of disordered linker at the N-terminus and three covalent disulfide bonds. High-resolution crystal structures of OMTKY3 in complex with a-chymotrypsin (Fujinaga et al., 1987) and Sfreptomycesgriseus proteinase B (Read et al., 1983) are available, as is a 1.5-A structure of the closely related (one amino acid change) silver pheasant ovomucoid third domain (OMSVP3) in uncomplexed form (Bode et al., 1985) . Complete ' H NMR resonance assignments of OMTKY3 are available (Robertson et al., 1988) , and solution structures have been derived from conventional NOE and coupling constant data . In previous studies, comparison was made of structures calculated from NOESY data at a single mixing time and from an improved data set that incorporated distances derived from simultaneous fitting of NOESY and ROESY buildup curves; the improved structures were found to be closer by positional RMS deviation (RMSD) to a set of X-ray structures of ovomucoid third domains than the structures calculated from unimproved data . The NMR assignments and solution structures have also been published for modified OMKTY3 (OMTKY3*), in which the reactive-site peptide bond (between residues 18 and 19) is hydrolyzed (Rhyu & Markley, 1988; Walkenhorst et al., 1994) .
The purpose of the work described here is to evaluate the effect of the improvement of a subset of interproton distances in OMTKY3 using MENE on a derived solution structure. To allow the analysis of large numbers of cross peaks using normalization on the diagonal, we have implemented BD-NOESY and CBD-NOESY in three-dimensional heteronuclear-edited form on uniformly "N-labeled OMTKY3. In cross-relaxation spectra, normalization on the corresponding diagonal or direct peak removes the effect of autorelaxation, lengthens the linear buildup region, and corrects for spectrum-to-spectrum variations (Macura et al., 1986) ; in heteronuclear-edited spectra, this procedure also corrects for the effects of variations in coherence transfer efficiency and heteronuclear relaxation rates. In the interest of a clear demonstration of the effects of constraint accuracy and precision, we have only analyzed those NOE constraints that were used in the original structure determination ; additional NOE cross peaks resolved by virtue of the improved peak dispersion in multidimensional, multinuclear spectroscopy (Clore & Gronenborn, 1991) were not used because they would have biased the comparison.
To facilitate these studies, we have assigned the "N NMR resonances of OMTKY3, a procedure that entails little difficulty in a protein of this size for which the proton assignments are known. In addition, we have performed I5N TI and TI, relaxation time measurements on uniformly labeled OMTKY3, because such measurements provide an estimate of the correlation time for isotropic rotation (T~)), which is useful in the interpretation of buildup data. Relaxation studies also allow the identification of residues for which the backbone 15N atom is rigidly attached to the protein framework (in other words, does not undergo significant internal motion). Because internal motion may quench NOESY cross-peak intensity (Neuhaus & Williamson, 1989) , the application of explicit lower bounds to distance constraints is only appropriate when its presence can be ruled out.
One problem in studies of this type is that there is n o rigorous method to determine the absolute accuracy of a set of structures determined by NMR, because the "true" structure is not known. The approach used in the present investigation was to calculate, using identical methods, families of structures from two different input data sets, one of which is known, on methodological grounds, to contain fewer errors due to spin diffusion than the other (Hoogstraten et al., 1993 (Hoogstraten et al., , 1995a . I f the two sets of structures are significantly different from each other as compared to the spread of structures within each set, it may be argued a priori that the structures based on the more accurate input are to be preferred, and that real refinement has been achieved. An independent measure of accuracy may also be inferred by comparison of the derived results with experimental quantities that were not used in the calculations; therefore, we also have assessed the ability of each set of structures to reproduce the observed chemical shifts for H" atoms in the molecule (Williamson & Asakura, 1993; Williamson et al., 1995) . Finally, we compare the derived solution sets to the three high-resolution crystal structures of ovomucoid third domains mentioned above. The X-ray structures, however, provide only a problematic measure of absolute structural accuracy because of the limited accuracy of the crystallographic structures themselves and the possibility for real differences between the solution and crystal states. In addition, the crystal structures considered here are either of OMTKY3 in complex with another protein or of a slightly different uncomplexed ovomucoid third domain (OMSVP3); the crystal structure of uncomplexed OMTKY3 has not been reported.
Results and discussion

IsN shift assignments for OMTK Y3
The ' H shift assignments for OMTKY3 have been reported (Robertson et al., 1988) , but no 15N assignments for this protein have been published. With the high digital resolution of the three-dimensional experiments reported here (see below), essentially all of the backbone amide resonances were resolved in the proton-nitrogen plane, and the "N signals could be identified by assigning cross peaks in three-dimensional HSQC-TOCSY and -NOESY spectra. The I5N shift assignments derived in this fashion are reported in the Electronic Appendix, along with the frequencies at which the amide protons were observed. Proton chemical shifts are reported relative to internal DSS. I5N chemical shifts are reported relative to liquid NH,, as calculated using the proton DSS line and the ratio of absolute spectrometer frequencies for the two nuclei (Edison et al., 1994) . For residues 2, 4, and 5, two sets of peaks corresponding to the NH group were observed, possibly indicating some structural or conformational heterogeneity in the N-terminal linker. This result is not surprising because this region has been observed to be disordered in previous structural studies of OMTKY3 (Fujinaga et al., 1987; Krezel et al., 1994) . The amide proton resonance frequencies are very close to those reported previously (Robertson et al., 1988) , with the exception of the reactive-site loop res-tion for TI, (Szyperski et al., 1993) , and is deferred to another place; we merely observe here that significant deviations from the most common values cluster in the flexible N-terminus, reactive-site loop, and reverse turns, as expected.
For 15 residues identified on the basis of secondary structure and hydrogen exchange rates as part of the rigid framework of the molecule, the mean values of T, and TI, were (0.365 s f 0.018 s) and (0.261 s k 0.020 s), respectively. The T , / T l , ratio for these residues is thus (1.40 f 0.13). Equations that take account of relaxation due to both dipolar and chemical-shift anisotropy contributions (Kay et al., 1992) can be used to convert these values into estimates of the correlation time for isotropic tumbling of OMTKY3 under the experimental conditions. The results of this analysis are 1.8 ns (I .6-2.0 ns) or 5.1 ns (4.5-5.6 ns) from T, (double-valued), 1.9 ns (1.7-2.1 ns) from TI,, and 2.0 ns (1.4-2.4 ns) from the ratio. All three values are seen to be highly consistent. The calculation from the ratio is a valuable check, because it is less dependent on certain experimental errors than either direct calculation, but it is expected to give a less precise determination (Szyperski et al., 1993) ; therefore, we consider a range consistent with the two direct calculations and report the correlation time as 1.8 f 0.3 ns. We earlier reported a correlation time for this protein of 6.0 ns in D 2 0 solution (Fejzo et al., 1990) ; this value was determined at much greater protein concentration than the current work and was apparently affected by aggregation and viscosity effects. The value reported here is in good agreement with recent results for the global dynamics of BPTI, a protein of similar size, in dilute solution (Szyperski et al., 1993) .
Three-ditnensional spectra
The three-dimensional network-editing experiments yielded high-quality data with excellent water suppression. An example of the data obtained is shown in Figure 2 , which displays slices through CBD-NOESY-HSQC and NOESY-HSQC spectra of OMTKY3 at 750 MHz at the w2 and w3 frequencies of the amide group of Lys-34. NOEs to the methylene protons of Asn-33 are indicated. The K'4 HN/N33 H'2 NOE is drastically reduced in intensity in CBD-NOESY-HSQC data compared to NOESY-HSQC data, indicating that the NOESY-HSQC result is badly contaminated with spin diffusion, presumably mediated by the N'3 H'j3 proton. In contrast, the K34 HN/N33 He3 NOE is at essentially the same relative intensity in both spectra and is interpreted as arising largely from direct cross relaxation. The three-dimensional experiments are thus seen to have the same ability to discriminate between direct and spin-diffusion contributions to cross peaks as the two-dimensional sequences reported previously (Hoogstraten et al., 1995a) , with the additional advantage of the greater peak dispersion provided by multidimensional spectroscopy.
Distance measurements
The reliability of distance measurements from network-editing data can be verified in a number of ways. In the case of BD-NOESY, a number of backbone amide-backbone amide NOEs could be analyzed using two different cross peaks (at the directtransfer frequencies of either residue involved); these cases should in principle provide two independent determinations of the same cross-relaxation rate. Of the 20 cases where this was idues Thr-17 and Glu-19; the differences may be due to slight differences in solution conditions between previous and current protein preparations. All peaks analyzed in the remainder of this work were consistent with the chemical shifts reported in the assignment table.
Heteronuclear relaxation studies
For all T I and TI,, magnetization decay curves analyzed, singleexponential decay was observed to within the limits of the data. Relaxation rates could be obtained for all non-proline residues except for Tyr-l 1 and Ala-15, which overlapped with each other, and Thr-47, which overlapped with a side-chain amide group of an asparagine residue. These rates are summarized in Figure 1 . A full analysis of the internal backbone dynamics of OMTKY3 would be best performed with additional data, such as heteronuclear NOEs (Torchia et al., 1993) possible, for 12, the derived cross-relaxation rates were equivalent to within the error in the fit; in only 1 case was the differencegreater than 50%. (in these cases, the smaller rate was used in the distance calculation, as it would yield the more conservative constraint.) Experimental distances may also be compared with distances known to characterize regions of stable secondary structure (Wiithrich, 1986) . For BD-NOESY, the observable HN-HN (i, i + 1) distances within the a-helix in OMTKY3 gave a median cross-relaxation rate of 0.389 s-I, corresponding to an interproton distance of 2.53 A ; in the crystal structure in complex with a-chymotrypsin (Fujinaga et al., 1987) , the median of the corresponding distances is 2.69 A. For CBD-NOESY, the HN-H" ( i , i + 3) distance was observable in five cases within the a-helix; the median experimental distance for these was 3.23 A , compared with a median of 3.57 A from the X-ray structure (Fujinaga et al., 1987) and an accepted value for this distance of 3.4 A in a perfect helical conformation (Wiithrich, 1986) . Distances derived from network-editing data are thus seen to reproduce expected distances in regions of regular secondary structure, albeit with a slight residual underestimation; this underestimation is well within the error bars assumed in the translation of distances into upper distance bounds, and so does not lead to inaccurate constraints in the cases analyzed here.
Comparison of unrefined and refined structures
Fifty converged structures were calculated using either the "crude" data set, consisting of distances previously calibrated from NOESY data at a single mixing time or the "improved" data set, in which a fraction of the distance constraints were replaced with data derived from more accurate network-editing experiments. Dihedral-angle and hydrogenbond constraints were translated directly from the original work and used in identical fashion for both data sets. RMSD and dihedral angle deviation (DHAD) analyses (Have1 & Wiithrich, 1985) of these structures are summarized in Table 1 . "Pairwise" RMSD and DHAD values are the mean of comparisons within a structure set. Comparisons to the three high-resolution X-ray structures mentioned above are also shown, along with RMSD and DHAD comparisons between the structural sets. For superpositions, RMSDs, and x ' DHAD involving the OMSVP3 structure, the amino acid differing between the two molecules (residue 18) was omitted; all other RMSD calculations were performed for residues 7-56, C$ and 4 DHAD calculations for residues 7-55, and x ' DHAD calculations for residues 7-56, excluding alanines and glycines.
Both at the global (as represented by positional RMSD) and local (as represented by DHAD) levels, the differences between the two sets of structures are greater than the spread observed within either single set. This observation indicates that the two sets of structures differ from each other to a significant extent;
given the a priori arguments that improved input is in all cases to be preferred, this indicates that the "improved" structure set represents a true refinement of the structures derived from "crude" data. Differences between the sets of structures may be analyzed in more detail by reference to the plots of positional RMSD versus protein sequence shown in Figure 3 . For both backbone and heavy-atom RMSD, the most significant differences cluster in the 0-turn containing residues 25-28 and in the reactive-site loop, centered on residues 18 and 19. For the P-turn, the two sets diverge from each other to a much greater extent than the spread within either set, indicating the presence of a significant difference in local structure beyond that represented by the inherent imprecision of the structure determination. This difference is interpreted, as discussed above, as an inaccuracy in the structures calculated from unimproved data that has been removed by incorporation of network-editing data. In the reactive-site loop, in contrast, the pairwise RMSD within the bb, backbone atoms; ha, all non-hydrogen atoms; lCHO, crystal structure of OMTKY3 in complex with a-chymotrypsin (Fujinaga et al., 1987) ; 20V0, crystal structure of uncomplexed OMSVP3 (Bode et al., 1985) ; 3SGB, crystal structure of OMTKY3 in complex with S. griseus protease B (Read et al., 1983) ; SD, standard deviation of calculated from observed chemical shifts. All values are means across the sets of structures; minimized average structures were not derived.
Cold structures calculated from improved data is significantly larger than that within the structures calculated from crude data, and the divergence between the two sets reflects the larger value. This observation represents an expansion of the conformation space explored by "improved" as compared to "crude" structures and may be interpreted as the constriction of the structure set by the inaccurate data to an unjustified level of apparent precision. The reactive-site loop is the major contributor to the increased global pairwise RMSD figure for improved as compared to crude structures ( Table I) .
The connection between the structural changes and the distance constraints may be seen in the analysis of violations of each data set by each structural set ( Table 1) . The improved structures show a considerably greater global RMS violation of the crude constraints than d o the structures calculated from those crude constraints. Likewise, but to a lesser extent, the crude structures show a greater RMS violation of the improved constraints than do the structures calculated from those improved constraints. These results indicate that the structural differences observed are in fact due to changes in the distance constraints. A plot of summed NOE violations versus protein sequence (Fig. 4) maps these changes to the observed structural shifts. Interestingly, the improved structures show drastically increased violations of the crude constraints in the region of the &turn discussed above (residue 28), and the crude structures also show a (somewhat smaller) increase in violations of the improved constraints in the same region, supporting the interpretation that the two data sets are consistent with two noncongruent regions of conformation space in this region of the protein. In contrast, the improved structures show significantly increased violations of the crude constraints in the region of the reactivesite loop, whereas the crude structures show no significantly in- creased violations of the improved restraints. This observation indicates that the expansion of the improved structures in this region of the protein is directly related to the requirements of the experimental constraints, in that the improved constraints are consistent with a larger region of conformation space than the crude constraints, presumably due to the removal of inaccuracies due to spin diffusion present in the unedited NOESY data. The nature of the structural change in the 0-turn is illustrated in Figure 5 , which shows a superposition of the polypeptide backbone for the unminimized average structures for the two structure sets with the width of the ribbon drawn proportional to the backbone RMSD. The difference is seen to arise from a hinging of the entire loop region at the a-carbons of residues 25 and 29. This hinging gives rise to a difference between the two average structures at the Cff atom of Asp-27, the extreme of the loop, of 2. I A, and correspondingly smaller deviations at other portions of the loop. In this presentation, the nonoverlapping character of the ribbons in the region of Asp-27 indicates that the difference between the average structures shown is greater than that expected due to the inherent imprecision of the determinations, as seen in Figure 3 . Little change is observed throughout the remainder of the structure. The changes in the reactive-site loop involve an expansion rather than a displacement of the set of structures (Fig. 3) ; this change is not clearly visible in the perspective shown in Figure 5 .
Comparison with X-ray crystallographic studies
We have also compared the crude and improved structure sets to three published high-resolution crystal structures of ovomu- coid third domains, at the global (RMSD) and local (DHAD) level (Table 1) . At the global level, the improved structures show increased RMSD from the lCHO and 3SGB structures of OMTKY3 in complex with protease as compared with the crude structures; the two structure sets show equivalent RMSDs to the 20VO structure of uncomplexed OMSVP3. Plots of these statistics versus protein sequence, shown in Figure 6 , indicate a strong localization of the differences between the improved structures and the complexed crystal structures to the turn containing residue 27; the improved structures, by contrast, are slightly closer to the 20VO structure in this region than are the crude structures. In short, the effect of network-editing data has been to shift the structures from a conformation more characteristic of OMTKY3 in complex with protease to one more characteristic of ovomucoid third domains in uncomplexed form.
Because the solution studies were performed on free OMTKY3, this observation supports the conclusion that the improved structures are a more accurate solution model than the crude structures.
At the local level, the improved structures diverge slightly more than the unimproved structures from the Cp and $ angles observed in the crystal structures, but better approach crystal
x' values. These observations may reflect expansion of the conformational space covered by the improved as opposed to the crude structures; note that x ' DHAD, the only statistic of the (Bode et al., 1985) , 1.5 A resolution, residue 18 not analyzed. Bottom: 3SGB crystal structure of OMTKY3 in complex with S. griseus protease B (Read et al., 1983) . 1.8 A resolution.
three by which the improved structures cover a smaller region of conformational space than the crude structures, is also the only statistic by which the improved structures are closer on average to the three crystal structures than are the crude structures.
Chemical-shift analysis
Finally, we have adduced the ability to reproduce observed chemical shifts as a measure of structural accuracy. Although the accuracy of chemical-shift calculations themselves is imperfect, such an analysis is supported by recent work showing a correlation between the resolution of crystal structures and the consistency of chemical shifts calculated from these structures with observed shifts (Williamson et al., 1995) . We have used the chemical-shift calculation algorithm of Williamson and coworkers (Williamson & Asakura, 1993; Williamson et al., 1995) proved structures was 0.284 ppm. Both sets of structures thus fall among the better NMR solution models of a large number evaluated with this algorithm and correspond to crystallographic models of roughly 2.0 A resolution (Williamson et al., 1995) . The small difference between the two values is within the error in both the calculations and the chemical-shift referencing, suggesting that the relative accuracy of these two sets of structures cannot be distinguished by current chemical-shift calculation algorithms. A plot of deviations versus protein sequence showed no localized regions in which one set of structures reproduced a-proton chemical shifts better than the other (data not shown), supporting this interpretation.
Conclusions
The results presented in this work demonstrate that it is possible, in an experimental situation, to use network-editing techniques to derive a substantial fraction of the interproton distances in an NMR structural study with improved accuracy. Only a subset of the total number of such constraints obtainable from three-dimensional network-editing spectra were used in this study: so as to preserve the comparisons based only on differences in constraint accuracy and precision but not in the total number of constraints, only those interproton distances observed in an earlier, two-dimensional NOESY study of this molecule were analyzed. Three-dimensional spectroscopy, however, renders additional distances observable by virtue of improved peak dispersion (Clore & Gronenborn, 1991) ; analysis of those cross peaks as well would have increased the fraction of "improved" interproton distances observed. Increases in the number of constraints made possible by the use of longer mixing times for network-editing spectra (Hoogstraten et al., 1993) were also not considered here. Nevertheless, the divergence of the two structural sets from each other suggests that the use of networkediting data to remove spin-diffusion contributions has resulted in an increase in structural accuracy. The expansion of the "improved" structures in the region of the active site indicates that the structures calculated from a simple NOESY analysis reflect an unjustified level of precision in this important region of the structure and re-emphasize that a very small pairwise RMSD is an inadequate measure of structural quality (James, 1994; Zhao & Jardetzky, 1994) .
The NOE data set for OMTKY3 consists of approximately 12 constraints per residue. This represents a highly refined distance set, as significant redundancy has been shown to set in above approximately I O constraints per residue, although below this threshold the quality of structures depends critically on the number of constraints . Distance accuracy improvements using network-editing data are only likely to be of interest for data sets at or above this level of completeness because the structural quality improvements in this work are not as dramatic as those observed due to, for example, an increase from 6 to 12 constraints per residue. In addition, because CBD-NOESY has the most dramatic effect on NOEs involving methylene groups, stereospecific assignments are a necessity for the full power of this method to be realized. MENE analysis is thus most appropriate for accuracy improvement and additional refinement of already high-quality structures. Techniques both for massive NOE cross-peak analysis and stereospecific assignments, however, are widely available . In addition, the increased accuracy of MENE data for diastereotopic groups should assist in the determination of stereospecific assignments. Network-editing techniques should thus be applicable to a wide variety of experimental systems.
We previously reported a different technique for the refinement of distance accuracy in protein structures in which NOESY and ROESY buildup curves are fit simultaneously to a single improved value of the cross-relaxation rate (Fejzo et al., 1989) . As with the present analysis of the MENE approach, we used structure calculations of OMTKY3 as a means of evaluating the effects of the refinement ; this puts us in the position of being able to compare these two approaches. MENE analysis removes certain classes of spin-diffusion effects from the cross-relaxation data, whereas NOESY/ROESY comparisons permit one to detect spin diffusion so that its effects can be accounted for. Thus, it is possible to use comparisons or simultaneous analysis of network-edited NOESY and ROESY spectra (for example, BD-NOESY and BD-ROESY) as a means of identifying the presence of unedited spin diffusion (Hoogstraten et al., 1995b) , although this approach was not utilized extensively here. The NOESY/ROESY method can be applied to situations in which the spectral distribution does not allow efficient MENE analysis (aliphatic-aliphatic cross peaks in proteins, for example), whereas MENE experiments can measure distances accurately in geometries for which the standard experiments are badly perturbed by spin diffusion even at very short mixing times. It is anticipated that the MENE approach will be more suitable than NOESY/ROESY comparisons to refinement of larger structures, because of deleterious TI, effects on ROESY data acquired with long mixing times. MENE data will be less sensitive (although not completely insensitive) to such effects, and compensatory sensitivity improvements are possible due to the use of mixing times closer to the cross-peak sensitivity optimum (Hoogstraten et al., 1993 (Hoogstraten et al., , 1995a .
Network-editing experiments provide a flexible framework for the careful analysis of cross relaxation in biological macromolecules (Macura et al., 1992 . The particular scheme used in this work, the application of three-dimensional versions of BD-NOESY and CBD-NOESY in combination, can be implemented with only a moderate increase in the time required for data acquisition and analysis. A key point is that both BD-NOESY and CBD-NOESY are nonselective experiments and allow the analysis of large numbers of NOEs in a single NOESYtype experiment. The benefits in structural accuracy seem to warrant the additional effort. It should be pointed out that the improved structures resulting from this approach could be refined further by means of direct or iterative relaxation-matrix refinement using a combination of conventional and networkedited NOESY spectra.
Materials and methods
Protein preparation
Uniformly labeled, recombinant OMTKY3 was overexpressed in Escherichia coli as a fusion protein with staphylococcal nuclease as described for the related protein OMCHI3 (Hinck et al., 1993) . The overproduction plasmid was modified for the production of OMTKY3 by mutation of the three amino acids different from OMCHI3 and the mutation of two of the internal methionine residues in the nuclease moiety to alanines (A.P. Hinck, W.F. Walkenhorst, and S. Choe, unpubl. work) . The sole nitrogen source used in the growth medium was I5NH,CI (98+ atom Vo enriched, Cambridge lsotope Laboratories, Woburn, Massachusetts). After purification of the fusion protein, OMTKY3 was separated from staphylococcal nuclease by cyanogen bromide cleavage (50-fold molar excess CNBr at 10 mg/mL protein, stirred at room temperature for 24 h) and was purified by cation-exchange chromatography on a Mono S column on an FPLC system (Pharmacia Biotech, Uppsala). The column buffer was 50 mM MES, pH 6.2. Protein was eluted with a shallow (0-0.1 M in 120 mL) NaCl gradient begun immediately following sample loading. The purified protein had a specific activity of 2. I * IO' U/mg for inhibition of the chymotrypsin-catalyzcd hydrolysis of succ-Ala-Ala-Pro-Phe-para-nitroanalide (DelMar et al., 1979) , as compared to a valuc of 2.0 * 10' U/mg measured for an authentic sample of OMTKY3 prepared from turkey egg whites. Two-dimensional I5N-'H NMR correlation spectroscopy also provided an index of purity. The OMTKY3 concentration in the NMR sample was 2.6 mM, and the pH was adjusted to 4.1. The same sample was used for all experiments.
I5N reluxution lime meusurements
All NMR experiments were performed at 298 K. To analyze the global and local dynamics of OMTKY3, we determined TI and T,,, values for the backbone I'N resonances of this molecule at 50.6 MHz (1 1.7 Tesla; proton frequency of 500 MHz). T I measurements were performed with the pulse sequence of Kay et al. (1992) , including 180" pulses during the relaxation delay t o suppress cross-correlation effects. Spectra were acquired at relaxation delays of 40, 80, 120, 180, 240, 300, 360, 420, 480, 560, 640, 720, 800 , and 900 ms. TI,, spectra were acquired with a slight modification of the pulse sequence of Peng et al. (1991) at relaxation delays of40, 60, 80, 120, 140, 160, 200, 240, 280, 320, 360, 400, 440 , and 480 ms. The spin-lock field strength was 2,910 Hz. For all spectra, 256 lI ("N) slices of 4K points and 16 scans each were acquired, sweep widths of 6,009.6 H z ( ' H ) and 1,602.6 Hz ("N) were used, solvent was suppressed with low-power presaturation, and spectra were processed using FELIX 2.3 (Biosym Technologies lnc., San Diego, California) with 2 H L exponential line-broadening in 12, a squared-cosine window function in t , , and baseplane flattening with routines internal to FELIX. Peak intensities were measured by volume integration over a rectangular footprint and relaxation times were determined by the fitting of each time course to a singleexponential decay with two parameters ( A * exp[ -t/Ty], T, = For analysis of global dynamics, a subset of residues known from prior evidence to be associated with the rigid framework of the molecule was chosen. Residues were chosen if they belonged to regions of regular secondary structure and had slowly exchanging amide protons by IH NMR (Robertson et al., 1988) ; 15 residues met these criteria. Mean values of 15N TI and TI, for these residues were used to derive estimates of the correlation time for molecular tumbling. Relaxation due both to dipole-dipole interactions with the directly bound proton and to chemical-shift anisotropy was considered (Kay et al., 1992) . The effects of cross correlation and (for Ti,) of off-resonance effects were neglected. For the purposes of structural analysis, residues were classified as belonging to the rigid framework o f the molecule if both their T, and TI,, values were within 1.5 TI or TIK,).
SDs of the mean for the 15 residues selected above; 27 of the 56 residues in OMTKY3 met this criterion.
Cross-reluxulion experiments
For this work, cross-relaxation measurements were performed in three-dimensional heteronuclear("N)-edited form as NOESY-HSQC, BD-NOESY-HSQC, and CBD-NOESY-HSQC. The pulse sequences used for the network editing experiments are shown in Figure 7 ; the two sequences shown, as well as the NOESY experiment, differ only in processes during the mixing time and in slight readjustments of gradient strengths to optimize solvent suppression. The mixing sequences for BD-NOESY (A) and CBD-NOESY (B) are identical to those published previously (Hoogstraten et al., 1993 (Hoogstraten et al., , 1995a , except that the selective pulses in BD-NOESY are alternated with short delays to reduce the total number of pulses applied . The gradients are arranged in a pattern of coherence destruction rather than coherence selection, as described by Bax and Pochapsky incremented delays, no additional refocusing steps or separate accumulation of P-and N-type transients are required. Gradient G I destroys unwanted coherences at the beginning of the mixing time that might otherwise be acted on in unpredictable fashion by the network-editing sequences, whereas gradients G3 and G4 select for z-magnetization during the coherence transfer steps of the INEPT and reverse INEPT sequences. The gradient pairs G2 and G5 compensate for imperfections in the refocusing 180" pulses (Bax & Pochapsky, 1992) . Evolution on the nitrogen resonances occurs during t 2 . The use of gradients allowed the reduction of the phase cycle to four steps, as shown in Figure 7 ; in approximately 3 days of experimental time, 256 real points in t I ('H) and 128 real points in t2 (I5N) could be acquired. Water suppression was accomplished with the gradients and trim pulses alone; no presaturation was used. An acquisition-dimension data size of 4,096 points was used in all spectra.
BD-NOESY-HSQC spectra were acquired at 500 MHz at mixing times of 80, 120, 160, and 240 ms. The mixing sequence consisted of a train of 5-ms hyperbolic secant (hsec) pulses with phase factor 12 truncated at 12% and phase cycled as (0 a a 0) alternating with 5-ms delays. The shaped pulse power level was adjusted to 1 dB above the minimum level that gave good inversion. A NOESY-HSQC at 500 MHz and 160 ms was acquired for comparison. A CBD-NOESY-HSQC spectrum with cross relaxation adjusted to be comparable to a 160-ms NOESY was acquired at 750 MHz. For this spectrum, the longitudinal relaxation delay was set to 17.50 ms, the spin-lock period to 11.12 ms, the precession delay to 33.0 ps, and the mixing sequence was repeated N = 4 times to the full mixing period. A spin-lock power of 3,788 Hz was used. The selective inversion pulse was a 1. I-ms IBURP2 pulse (Geen & Freeman, 1991) applied 1,800 Hz upfield of solvent to invert the aliphatic spectral region. A NOESY-HSQC spectrum was acquired at 750 MHz and 160 ms for comparison. Finally, a 40-ms TOCSY-HSQC spectrum was acquired at 500 MHz using the same basic pulse sequence and DIPSI-2 mixing (Shaka et al., 1988) to facilitate "N resonance assignments. All spectra were processed using 3-Hz exponential line-broadening in the acquired dimension and squared-cosine bell window functions in the nonacquired dimensions. Residual solvent was suppressed with convolution difference techniques and the spectra were extended by 25% in the "N dimension and 33% in the nonacquired ' H dimension by means of complex linear prediction.
Distance measurement from network-editing data
were incorporated using a high-dimensional potential (Habazettl et al., 1990; Briinger, 1992) to allow the structure to "float" between the two possible stereospecifically assigned states. All calculations included the 29 dihedral angle constraints and the 17 hydrogen bond constraints used previously for this molecule , except that the hydrogen bond donated by the backbone H N of Ser-9 was reassigned from the side chain of Glu-I0 to the side chain of Asp-7 (A.D. Robertson, pers. comm.) . Hydrogen bonds were imposed by constraining the H -0 distance to 52.3 A and the N-0 distance to 2.5-3.3 A.
Sets of structures for each of the two data sets were calculated using the distance geometry-simulated annealing protocol as implemented in the software X-PLOR/dg (Nilges et al., 1988; Briinger, 1992) . Initial structures were generated with all-atom metric matrix embedding including random metrization of four atoms and simulated annealing regularization (Briinger, 1992) . Residue-by-residue replacement of coordinates with those derived from a template coordinate set was not performed. Structures were subjected to four cycles of high-temperature simulated annealing refinement (Nilges et al., 1988; Brunger, 1992) . For the first two cycles, the initial temperature was,1,500 K, and 3,000 cooling steps were used, whereas for the last two, the initial temperature was 1,000 K, and 2,000 cooling steps were used. The three disulfide bonds in OMTKY3 were imposed as pseudo-NOE constraints for embedding and as covalent bonds during refinement. For each of the two data sets, 50 structures were calculated that had no NOE violations greater than 0.4 A , no dihedral angle violations greater than 4", and good covalent geometry. The resulting two sets of structures are referred to as the "crude" and "improved" structure sets.
